SHEET WAFER DEFECT M Tl GATI ON CROSS- REFERENCE TO RELATED APPLI CATI ON(S)
5This patent application clains the benefit of United States Provisional

Pat ent AppDi2eti4e999No. 61/ 388, 924 entitl ed METHOD OF M PCCATBRNGOBREFECTS

VWH LE FORM NG A SHEET WAFER filed on Cctober 1, 2010, which is hereby
incorporated herein by reference inits entirety. 10 TECHNI CAL FI ELD

The invention generally relates to sheet wafers and, nore particularly, the

invention relates to f j.cati BACKGROUND ART Silicon
wafers are the buiIdingaﬁtgiwéggﬂaéIﬁﬁﬁgéyﬁﬁigﬁikxﬁggéniconductor devi ces,
such as solar cells, integrated circuits, and MEMS devices. For exanple,
Evergreen Sol ar, Inc. of Marlboro, Massachusetts forns solar cells from
silicon sheet wafers 20fabricated by passing two filaments through a

cruci bl e of silicOROGES-REFERENCEHOI REDAT'ED ARPLICIABION@GIN sheet s
elimnates the need for . slicing of, bul k.produced.silicon.to, form wafers.
Two 11 | anent o B DHICGHATPURBIPETTPS e e GhE e BCa b Eiftough ¢ he
bot t om ohpplidakibk NG 8148800 bnglcddgeTAOTBF M IGRYEN@DEFBCIgWSITLECON,

known as a "nelt." A seed is lowered into the nelt, connected to the two 25

fi | ament EORMING heyHIBET VedFGR ftledamn Ogtobpinvar2d 1 0.rwhich ksehengdiytincoipergisidscus
formns athgggriqx%%;ac%llggﬁg%n the bottomend of the seed and the nelt, and
the nolte sﬁpigonnf?eeze% 'Aito a solid sheet just above the nelt. The
filanments serve to stabilize the edges of the growi ng sheet. U S. pat. no.
7,507,291, which is incorporated herein by reference in its entirety,

descti bes a nethod for growing nultiple filanment-stabilized crystalline
sheets 30simul taneously in a si i 1 Each sheet grows in a "l ane"
in the nulti-lane furnace. Thgﬁggg ﬁggifa rﬂ%ating wafers is thus reduced
conpared to cThsinatihtiongzcabiady rélabs tocshbetomem aad shonglparticatzelyf thenace.

invention relates to fabrication of sheet wafers.
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BACKGROUND ART

Silicon wafers are the building blocks of a wide variety of semiconductor devices,
such as solar cells, integrated circuits, and MEMS devices. For example, Evergreen
Solar, Inc. of Marlboro, Massachusetts forms solar cells from silicon sheet wafers

20  fabricated by passing two filaments through a crucible of silicon melt.

Continuous growth of silicon sheets eliminates the need for slicing of bulk
produced silicon to form wafers. Two filaments of high temperature material are
introduced up through the bottom of a crucible which includes a shallow layer of molten
silicon, known as a “melt.” A seed is lowered into the melt, connected to the two

25  filaments, and then pulled vertically upward from the melt. A meniscus forms at the
interface between the bottom end of the seed and the melt, and the molten silicon freezes
into a solid sheet just above the melt. The filaments serve to stabilize the edges of the
growing sheet. U.S. pat. no. 7,507,291, which is incorporated herein by reference in its
entirety, describes a method for growing multiple filament-stabilized crystalline sheets

30  simultaneously in a single crucible. Each sheet grows in a “lane” in the multi-lane



Undesirably, like other wafer fabrication technol ogies, this wafer
fabrication technique can produce defective wafers. For exanple, the wafers
can have woORow/o4a0ehi p, 5a crack, a break, a bul ge, andfomr/ustéiensdes ects.
In an attenpt to detect defects, an operator may briefly visually inspect
sone of the wafers before they are sent to a higher |evel, downstream
process. Dozens of furnaces in a factory, however, can produce thousands of

waf ers eyvery hqur. Th erators.thug have limted tjinme a resources to

' nspect "V ot OF pRRE Mt Sy Sfrer b Smetedto gt SeRbs o

def ect i vRpWedtRMSn a WHetdad® YurB&ecl Ntegrated into products produced downstream
in a device fabrication process. For exanple, a furnace could produce

def ecti ve waf Endesirablyf et gtheri wifer fabuieasionTeahselogish cthis edfell idbibeationocessed

into solar, cells and,assepbl.ed into solar panels. .These downstream panel s
thus. or ¢ GRS {odBouRR RERBI whER g3 mstimER R S it R AR O
EXEMPALARY cabBQ@NBANE Bulge, and/dribtig@efdRNCR ai dtfdn@ne @&sqedéfes, dnhe i nvention,
a nmethod of formng a sheet wafer nelts feedstock material in a crucible

that is Prergtopmaybaeilyvispallyrigest sommeiche wafkss brfewdhemarp opntde ahighyr of
filament hg QU i . ralit - at ed) sheet
waf ers. X%Ihasheetegl\%}fr géreggsﬁ{)%ern %gﬁﬁﬁgé‘aﬂ Jf%gtr%lé#it%l‘x%%eel(’ ?Eﬁlﬁrﬁg&{:eruci bl e. The
met hod ughesasantsobwafeyssdvershouduThe gpgatont thus havedbiexdmimeand resowrcaftot he
plurality of sheet wafers has a defective condition. If the vision systens
det ect aNIRIEEYSTY MR renoval |ogic of the furnace causes renoval of the

def egjive congp !d@ﬁci@ﬁx%r@taﬁ r8&Ht66 ldrYEraBRRbf g@%’%"e watReWIRhRg, @l so may

produce sonme indicial e VI sion systens ect a defect. The Indicia my
be any omé&gmtedmtepoilues picsiuadd davdisoeam (ea deyicafabrigition paacksaulioro i ndi ci a

(e.g., an alarm. In sone enbodi ts, the_.defecti sheet waf er. has a
ot Set i VB AT BIPET SHETUS NS GO it 4P Sad B et hod
remove tgsdlgé g&fc&s}g@d R §d180c119 BhY ads€AWIcB Inth @slaﬂgafec&,.ef BRdsk U8 wRGFdahPN
behi nd. The defective condition my be at |east 30 one of a bow, a chip, a

crack, apdnckdhys effh e kpgs giéicicThandrsemegdnesanoiceablecnue sheet waf er
15

SUMMARY OF EXEMPLARY EMBODIMENTS
In accordance with one aspect of the invention, a method of forming a sheet wafer
melts feedstock material in a crucible that is part of a crystal growth furnace, and passes a
20  plurality of filaments through the crucible to form a plurality of (un-separated) sheet
wafers. Each sheet wafer is formed in a different lane in the crucible. The method uses
vision systems, during growth, to determine if any of the plurality of sheet wafers has a
defective condition. If the vision systems detect a defect, then removal logic of the
furnace causes removal of the defective condition from a defective sheet wafer.
25 The method also may produce some indicia if the vision systems detect a defect.
The indicia may be any one or more of a visual indicia (e.g., a light) and audio indicia
(e.g., an alarm). In some embodiments, the defective sheet wafer has a defective portion
and a non-defective portion. In that case, the method may remove the defective portion,
only leaving the non-defective portion behind. The defective condition may be at least

30  one ofabow, a chip, a crack, a break, and a bulge. The method can continue sheet wafer



grow h of the defective sheet wafer while renoving the defective condition
(e.g., the defective portion). In sone instances, the defective sheet
waf er nmaywbeoizgadoed i n one of the plurality of |anes. Phe/usetihos4inny
continue sheet wafer gromh of a sheet wafer in another lane 5 while
removi ng the defective condition fromthe defective sheet wafer. If the
defective sheet wafer is |ocated in one of the plurality of |anes, then the
renoving | ogi c.may, cause renmoval of the entir efective. sheet wafer from
e one eEh SFEEYRERITECEORE wBls itk 8 ER i TRl Rait The
feedst occre@nch@riity. of a number of different types of materials commonly
10 used to formsheet wafers, such as polysilicon. Mreover, the renoval

| ogi ¢ may be Inmoswriasterrch.rthodefhetiversheatatafermom be fogrtad oegnef theplaradigpar at e
conponent .t hat 1.s ¢ ed with th ur pace. [lLlustratiy nbodi ment s
of The T WURAR IR AETHELAR Sk ihuh st Wl EEp of g spi R GR bt Brrier

pr ogram whidétsiovivavihg de RcG@Got @lonUEab HR deBsdtivensiet vafenuhedefegadabl e 15
program code t hereon. The conputer readable code may be read and utilized
by a conpeleyalsystlesntedingne of temdwaliiviad lansmibenr theremoypg kagdemay cause  Thus,
embocl mepl gl o HERIEIEALIINERNL AR % hOGhH IR B HTRLRAARL Jfighym ng vafer
products froma sheet wafer 1 ncluding nmelting teedstock material in a

cruci bl esHebiawafesinpasttoneflarge. crystal grow h furnace; passing a plurality of

filaments through the crucible to 20 form.a sheet fer; determ ni ng
whet her a por { MofFedfotkendRay %flémb?rso FER tyRes dimaieriats earaReRlyni ¢

Vi si S ﬁﬁ}%'f L LS tih Y rduci ng an
out pgdtq s?%ﬁzwbl ndi (e:gttvivgnfgl%’t ﬁfae'gl ta% Eglyglgﬁgt?gﬂrﬁ%%gkgré?%c%ﬁggg 1béﬁgmal?,lgr%bodi ment s
of the pmémeated intw thetarpial gkesuthrfamaca or bele sepastie eemp@fest thgt wwotpledir nace
systen1incgﬁdiﬁ a crucible configured to contain nelted feedstock, the
cruci bl e™8 'ﬁ&cﬁ plurality of holes for passing a plurality of filanents

t hrough nel t efdpkeadet@odiBedtO6Mha iRAEIn Ma{ 86 imABmBhREa! 4t WsCin\Paftl &N system
for producing digital images of a portion of the sheet wafer; and a

cont r ol | eomputeopragincRieiden haying atchepeics ssabiminedivinsy ibh ceppatericpdablat | east

det erm nji_ng_whet a tion of the eet, wafer is, defecti based on the
G o 131 "hgaREsASha B Okl Sliiert DR BIESHE AL B b SBL ST By R7550 o8 £

be def ectdnvguterd@btomviant @tgarkt Wefhn@hvyeioadbadtdent s, the portion may be
determ ned to be defective based on such things as a defect type for at
| east one def €pys, Fl’ﬁb@(ﬁ@ep@rqf f[l@ﬁpre%epbl_nyentlon may include a method of forming

wafer products from a sheet wafer including melting feedstock material in a crucible that
is part of a crystal growth furnace; passing a plurality of filaments through the crucible to
20  form a sheet wafer; determining whether a portion of the sheet wafer is defective using an
electronic vision system; and if the portion is deemed to be defective, producing an
output signal indicating that the portion is defective.
Embodiments of the present invention also may include a sheet wafer growth
furnace system including a crucible configured to contain melted feedstock, the crucible
25  having a plurality of holes for passing a plurality of filaments through melted feedstock to
form a sheet wafer; an electronic vision system for producing digital images of a portion
of the sheet wafer; and a controller in communication with the electronic vision system
for at least determining whether a portion of the sheet wafer is defective based on the
digital images and producing an output signal if the portion is deemed to be defective.
30 In various alternative embodiments, the portion may be determined to be

defective based on such things as a defect type for at least one defect in the portion (e.g.,



a bow, a chip, a crack, a break, and a bulge), a defect size for at |east
one defect in the portion, a defect location for at | east one defect in the
portion (wWOogoi2/aa®ed on the distance of the defect frompatt/use@swsane edge
of the portion), a defect severity for at |east one defect in the portion,
a boundary for at |east one defect in the portion, and/or the nunber 5 of
defects within the portion. The vision systemmay include a canera for

capturing,an i e of at least th rtion of the sheet fer.. Additionally
o al ¢ er RAOTVEIDE. & el aroh: syt Bibing <P ReVaete OBREore Fofttan et | ng o
bow i n t h&tiBRrd dPet Wcatibhe forRERhstWAE Qefel€inTho p&HtiSR RAE abRel BBIAIIRENRL her
sensor such as a photoel ectric eye type device, |aser scanner, etc.). 10In

further ehthod @ af lgast@np gdgeofithe porglonlrsigiccsaypmly, fonatdeast Pmy devi ce may
be activated.tq cause renoval of e portign fromthe sheet wafer. The

ut 41 ng. GeTab e P AR g ol I REE R DU BB RS (M pese o

mul tipl eof @ietd withiaGBe Portibn! TR dBRMSySEMhHNRINIE e hmkaffeF cdpfurdizanl ane of

t he furnace, and sheet wafer t%rowth may continue in at | east one other |ane
whi | e t hienggsof pblgast sho pavdoeel the shact wafcsh ddditigaléy or alspsgivelyoavisjoror

al ternat| . i : rf i . fer, in
responge S i SRFUE S Ut T Bhodthe b 1R ihe ihibh BFHE AR VERE B o ey
be assesspdrasnchnidieopethéd nsordyche Qstatdededrased tope ddvice, el scadner,
defectiveness, and the portion may be sorted based on the grade.

Addi t i on¥F y or alternatively to causing renoval of the portion and/or

asseggi ng/ gr af fﬂﬂh&ﬁ’&n@ﬁﬁl&%gm% bidiGhR ((llgpLg'signgl, YeRk dbed flagbean audio
i ndi cia, 20and/or an electronic ngssage) may be “produced”in response to the
out put sagvaled t\dalist ronalal efithe gortentfeomthe dshectdivafel ddeduttimg devae mey. BRI EF
DESCRI PTI OF. THE DRAW NGS 25Those skilled ipn.the art should nore fully
apor ai aE B PEEE t oxyr 1 B S FS StH S GBI HaE FHURHT SRy om ¢ he

fol | owl nghovBRh@itbaeH PRECKARE iInUheQhind d itk fil dck Ve ENBAGH 78 Yrdwih hpcussed
with reference to the drawi ngs summari zed i mmedi ately bel ow.

Fi gur e | gonsiphe meatilesst one ethavisncawkiletde parifoaris rrandvieg frenyvtieisbesy waferdi  f er ent
def ecd s ggdirti&%ll}j ollrI alllt%tnra%%ly % gamn%%%irrerr%rol;[faﬁ of ﬂo%trlrgﬁ/ fom the sheet wafer, in
response to the output signal, a level of defectiveness of the portion may be assessed and
the portion may be graded based on the level of defectiveness, and the portion may be
sorted based on the grade. Additionally or alternatively to causing removal of the portion
and/or assessing/grading the portion, an indicia (e.g., a visual indicia, an audio indicia,
20  and/or an electronic message) may be produced in response to the output signal.

Additional embodiments may be disclosed and claimed.

BRIEF DESCRIPTION OF THE DRAWINGS
25 Those skilled in the art should more fully appreciate advantages of various
embodiments of the invention from the following “Detailed Description of Illustrative
Embodiments,” discussed with reference to the drawings summarized immediately
below.
Figure 1A schematically shows a sheet wafer having a variety of different defects

30  that illustrative embodiments can remove.



Figure 1B schematically shows a side view of a sheet wafer that undesirably
is bowed. Figure 2 schematically shows a crucible growing a plurality of
sheet wafwo=012Ri4geepe 3 schenmatically shows a furnace thacTaseoliesarpor at e

the crucible shown in 5figure 2. This furnace incorporates illustrative
enbodi nents of the invention. Figure 4 shows a process of form ng sheet
wafers in accordance with illustrative enbodi mrents of the invention.

Figure 5 schepaticaglly sha an exenpl ary system hayi a canera.focused on
a front surfa @ug?ﬁ{ﬁéﬁgﬁgégbmﬁ?g?ag e"¥7°§%ﬂﬁgﬁgﬁéF§%fW%%s Ytrs the
sheet waggred rom 10above. Figure 6 schematically shows a progression

of cuts by which defective portions are renoved fromthe sheet wafer, in
accor dance wi Figuid? spbemati¢ally sborye dicrusitls giofvinge ppralgeaf sheatenicison.

It should be poted, that the foregoi.ng fi res.and the. el enents.depi.cted
Lherorn ar os 1 ERBES i Blalitiy LRGP YR el BHLER iRrdrlE o GTEBERFRUALLS
Unl ess t figure QntTexd fubiade intofraegilast Sive letbo dBhtesttthe dventididi cat ed by 1ike

nuner al s. DETAI LED DESCRI PTI ON OF | LLUSTRATI VE EMBCDI MENTS 20In
i I lustrative Biggedt shomess pracass Pt formigesheefrvivders i pererdanpe vif8 iNustaiives

mul tipl e, shSEheiRLeHS ihih@ofanner that mtigates defects. To that end, the
furnace has an apparatus wth logic for detecting and renovi ng waf er

def ect s from Biguaf schgmati¢atly showeo ae ctcmndami siyktomtha inger daufeid fogusvdfoara gr owt h
in the ofher Ifane(fs%. Det ali %‘s of jllustrative enbodi ments ar i scussed
bel ow. 25BeRiguFace eiAhe shech waiee putval AL arICere Hoat MARFORAFRIEE WakT ffect i ve
sheet, wafigrs 10. In a manner simlar to other sheet wafers 10, these sheet
waf ers 10 each has a generally rectangul ar shape and a relatively | arge
surface area biguiaGsdhcwaticalydhbas k pfaaresionfed cutsbamdlie) defbaivsipegionsaf er 10

may have a w dt f abouyt 3 inches, d a length of 6 .inches. e thickness
or " tho. SHeatmrdror Srverdes i sicofBny ¥hf AfplagYe TuiiEghs oo6°
present invention.
It should be noted that the foregoing figures and the elements depicted therein are
15  not necessarily drawn to consistent scale or to any scale. Unless the context otherwise

suggests, like elements are indicated by like numerals.

DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS

20 In illustrative embodiments, a multi-lane furnace simultaneously forms multiple
sheet wafers in a manner that mitigates defects. To that end, the furnace has an apparatus
with logic for detecting and removing wafer defects from a wafer growing in one lane
without interrupting wafer growth in the other lane(s). Details of illustrative embodiments
are discussed below.

25 Figures 1A and 1B schematically show two examples of defective sheet wafers
10. In a manner similar to other sheet wafers 10, these sheet wafers 10 each has a
generally rectangular shape and a relatively large surface area on its front and back faces.
For example, the sheet wafer 10 may have a width of about 3 inches, and a length of 6
inches. The thickness of the sheet wafer 10 varies and is very thin (e.g., between 190

30 microns and 195 microns) relative to its length and width dimensions.



30 microns and 195 mcrons) relative to its length and w dth di nensi ons.
As an exanple, the sheet wafer 10 may be simlar to the STRI NG Rl BBONTM
sheet wafwoo0d4prooduced by Evergreen Sol ar, |Inc. of MapCharsouglos4175
Massachusetts, which are used to form photovoltaic cells. Those sheet

waf ers have polysilicon bodies generally bounded on their edges by a pair
of high tenperature filanments. 5As known by those skilled in the art,

however, sheet wafers 10, are ver agile..In fact, |.ona
b 0cesses unads i SBiPIF b vt 8 bndb iR sinlygd fiey TG RIBEEREMDAr | ous
types of siief @& 10HrodERa byAveRGechB g BIFBb T K@ bYroa BRWISNAHRL &S, of such
defects. Specifically, Figure I'A schematically shows a sheet wafer 10

havi ng cwhskgragsed ¢hiqes photaobag cells Prase phest yafcankrveaetioricbnlbgdiss 16 al ong

its face. In cor ondi ng 10 manner,,.Eigure 1B schematically shows a
i de vi o5t ORASTEAEY e tyaPconnigh Birgpratite HANEIR 1 unaesi rabl y
has a radi us af keewi 8y tHose Bkilled in the hit] htstdvat, isieet ankodi oeRt\eryfrigigate t hese
defects by renoving at | east some of the defects durinagthe waf er growth

pr ocess, fagbimanyicagvearorH dreacsies ghdasiably daluicate sheetivaders HA that oo lchidscess, or
both. To LLgu hﬁﬂﬁt' I . iz 15 crucible
18 gromﬁﬁgnﬁgﬁﬁﬁgﬁggﬁg%gfE&g%?g%’ |E%&%?E%P§H§%%8ﬁé%%%’%%F gﬁghoms a

| ar ger sgdt@sm Spaifidatigdfipacdtieshtineticilychblvea diBcofvafer gahevidg arudkhd® an

apparatus with logic for renoyin fer defects, As shown in Figure
2, this @H%iﬂ HERE tpperintene aﬁ%ra@ﬁgn%?%?éé 6&?9% trigen Ja *RESHWAPE a g on
for gy owaghS! Ibigﬁr%r!Eﬁé'&%gﬁlat\ﬂ@afll?sﬁo%Qakﬂe i I8 QeSh 86 6 APESIIERL: al ong its
20l engt h. The crucible 18 of Figure 2 is fornmed fromgraphite and is

resi st i vbtgahetureldsitablyphidsenpduavlicevetapaBl e of mai ntai ni ng silicon above
its nelting pjnt..To inprove results, t ruci ble.18 pi cal | as a
ength that | Oy CGruRR B N ot Do e Y BT K 1P Talgbh of ¢ he
cruci bl eqdi&t&ByriRetht W88 REwWIlHiBcdst, REfEHEM SperitbAS tht defb@ldiringXhe25cour se,
in some enbodi nents, the crucible 18 is not elongated in this manner. For

exanpl e, gtoméh progeisbdebotls e yhosavedsal goreelbeicmatesalyeshewa panulivlang

nonr ect angul ar,shape. sh t.he.cruci ble 18 has a feed inl et

o B YR 10088 four shsp(Re R vl B Eidily S Al Siel ML 1 50
for growr@nt Ouf inshipetatvaheEmicibl; 1 0o igurid®l dndddERn hgGirQts w4h fidic fenovi ng

the melt. In_addition, the crucible 18 has four pairs of fil anent
removing wafer defects.

As shown in Figure 2, this embodiment of the crucible 18 has an elongated shape
with a region for growing silicon sheet wafers 10 in a side-by-side arrangement along its

20 length.

The crucible 18 of Figure 2 is formed from graphite and is resistively heated to a
temperature capable of maintaining silicon above its melting point. To improve results,
the crucible 18 typically has a length that is much greater than its width. For example,
the length of the crucible 18 may be three or more times greater than its width. Of

25  course, in some embodiments, the crucible 18 is not elongated in this manner. For
example, the crucible 18 may have a somewhat square shape, or a nonrectangular shape.

As shown, the crucible 18 has a feed inlet portion 22 for receiving polysilicon or
other feedstock, a growth region 20 for growing four sheet wafers 10, and a melt dump
region 24 for removing the melt. In addition, the crucible 18 has four pairs of filament

30 openings 26, within the growth region 20, for receiving four pairs of filaments 28. Each

pair of filaments 28 passes through the melted silicon in a controlled manner to form a



300peni ngs 26, within the growth region 20, for receiving four pairs of
filaments 28. Each pair of filanments 28 passes through the nelted silicon
in a contwolbex4mmpner to forma grow ng sheet wafer 10CTAS2@i1®su3Sed

bel ow, aut omat ed, conputerized processes cut the grow ng sheet wafers 10
into snmall er sheet wafers 10 as they nove upwardly. The crucible 18
is used as part of a process within a |larger sheet wafer growh furnace 30,

such as that. shown i 'gr . 3. F licit the nolten materi

ai scussetron martervitdy [heAndifincCbyduomotrsoril Ths FRse ettt s o
the i nvegloingil; S¥ VAP ihRkmdlcPiher wikld RN embA spwidryeover, those
skilled rn the art should understand that principles of various enbodi ments
apply to fur n?éhﬁe@'umlb@tlSpls@@@is@ atroad amfocfeéwnthtnrﬁalﬁrg‘eodrees@p&r graevtBheet

waf ers 10 and ,ther an ap rnac ng.one anes
andror <RG0 e8RS T SRR ke 3 SOESRERE P 2R BB Sone 10
enbodi meRdrsinad3l bk woltériRame 0 TiodeNGarlodd cmbeéimenaf e hlefonshay sheet

waf ers 10. Accordi ngl di scussi on of a si ngl e furnace grow ng four sheet
waf er s 1@nligd fepthpy meg@u@@ﬁerﬁ@lSqus%% thereyskillpddn therastasheuldomg grstagd m)vabl e
assenbl y waf er s

and th%tez%lfl nng}ése&e\%h sgiéﬁ{%(?(gﬁlgéﬁ%ggg |té ?ur?ar‘]cg\?v%trt]b{sogg% I errg\% %% or m
SI nce it fous sé}ﬂrdt@ﬂ@ﬂw@ffe@\/\i@‘@ﬁth&#ﬂfo@@ceﬁﬁdpp@t@ famatdsaravingfek otGhore nt o a

conventional tray 34. For exa e novabl e assenbly 32 may process a
first shi8es %&fOérto 1@1‘6911&1)1&1@%6 %afulltﬂg e-kans dpinpes Eqr&ﬁ%mhlé $9MSt sheet waf er

10 ag I teﬁB&Hﬁen@ﬁ?p%*ﬂ@%&ﬁceQ %lﬁ%t&@%eéﬁ%feﬁé RAoRGK (e@nwhfdrd 12 tray 34.
After placing the ar at ed rtion of the first sheet wafer 10 in the tray
34, the Avosathinglyadserssion 032 smeje fuepeagravieg saurehgt oeéss 1istfor 20 a second

gr ow ng heet waf er 10. This process may repeat indefinitely between the
four grolMRGEERAHPAETYHE 10 until some shut down or stoppage event (e.g.,
to clean the THS RRgRe30 QS a LhRVEB atReIHENRFQ BT %aﬁﬁhg@é ng a
defective sheet wafer 10). For conveni ence, the separated por i ons of sheet
waf er wtb@)r%wmgéheqt ovabesh ol @151 thegameying utlmjs@mrgt'edtp@rtmns(mwgu sanllerhem from
t he roer eet . ener al aki i 5waf er products

t hat 55:r SVRT KPRV ll?lﬁtno it 'gm‘“ %ﬁ(%f%éclhs@c %%m%o ' Wa erelozﬂnto To

per f or m &dniventidhatira 0By, Fdn%xmmbt@ rﬁ@@@t&ﬁsyenaay Basmayapf@ms efi@khdédhi ngs, a

separation_mechani snf appar at us having a | aser assenbly 36, discussed
i medi at Weipr BR by quafat@éaaoﬁﬂqm@ora theofist @h@ebwaﬁehéo %é@m%ﬁ@it £02) and a
r ot at abl r y are
rermved)&gén Qg?elo ng sﬁ)égi"%w% ers , Q%B?%mgodsﬁg elp\(%%rtngéorﬁ%léﬁgg%g waf er s

10 i n t hehettrayfeB40 inGhoseydénht movhlbie afsembic®? 3Ry neEpcatsthb sianpioabdsywith
OO bl rowing shect waseh 18256 prockss thy repeat ndernitely bordeen the Sk 2!
growing sheet wafers 10 until some shut down or stoppage event (e.g., to clean the
furnace 30 or to fix the furnace 30 after detecting a defective sheet wafer 10). For

convenience, the separated portions of sheet wafer may be referred to below as “wafer
products” to distinguish them from the larger sheet wafer — generally speaking, it is these
25  wafer products that are integrated into other products such as solar panels.

To perform this function, the movable assembly 32 has, among other things, a
separation mechanism/apparatus (e.g., having a laser assembly 36, discussed immediately
below) for separating a portion of the sheet wafer 10, and a rotatable robotic arm 37 for
grasping both smaller wafers 10 (as they are removed) and growing sheet wafers 10, and

30  positioning the grasped wafers 10 in the tray 34. Consequently, the furnace 30 may

substantially continuously produce silicon wafers 10 without interrupting the crystal



growt h process. Sonme enbodi nents, however, can cut the sheet wafers 10 when
crystal growth has stopped. To those ends, the novabl e assenbly 32

al so nmay woehdg4@9l aser assenbly 36 that, along wth tRreTS3M1108417He
novabl e assenbly 32, is vertically novable along a 5vertical stage 38, and
hori zontal ly novabl e al ong a horizontal stage 40. Conventional notorized
devi ces, such as stepper notors (one of which is shown and identified by
reference nunber 42), contraql vement of the noyabl e as ly 32, For
o SRR PRICE SorESBUPBIDY TONGECToHVi) 1 STRr ey ol SRl rovabi o
assenbl yo 34 tRfasktdppagt i on of the vertical novement of a grow ng wafer

(discussed in greater detail below). 10 A horizontal stepper notor 42 noves
t he assenbly B0 these endsnthaimgvablcrassamiltly 82 akse mpotiedudos fser asygrellydd not ors

b d t. di ' f : i s ill [ d
Y enaectiin Rt R kL HRpLR o SLEREEE VGBED Boyit PhbEhy By “The

ver tical vatichl BRkt 38 undlhosita@eisy 38 valdaiddg e mabik@Raltdheelds Eonasambl y 36 to
serially cut rmultiple growing sheet wafers 10. In illustrative

15enbodi wetrized dendcepesuch@a pteppd mspisAieng of which esdows and ddentifigd BY f or ned
primri l ] i t i licon, which
can be aeﬁ%%%%ggkégtg?$F%§Fﬁ§?ﬁgxg@%ﬁ§%§¥ﬁzag€%§gggégﬁ%ggﬁfg&%%ﬁé?Iicon
coul d i npatical argpetagstatéot bleiwn)fvanichilpneived the nAcabledisegibly 32 hd aist rat i ve
enbodi ne ts_seqé and pressurize %he stages_38 and 40 to isolat% gh§n1from
the siliBBRITHOkHeVFrUSHTMAShe! & 2loTHRE Mafch&tirustyddr stratridegllivae assenbl y
44 Wi h ROl SRRRGGper BBtAHS ARy ADRs(dmily 132%8%2319511}?@@0&1\%@%%&%@””9| )

for sinmultaneously growi ng four separate Sheet wafers 10. en referenced

i ndi vi duethtytypes afahdtesstmayebousai thd thusy disrasslon of sicigpe oiotars iscHasirglve a gui de
will be generally identified by.reference nunber 44. For illustrative
purposesg“HmEWﬁa%@déﬂgaFt ?Q@gﬁﬁﬂmp§ shown in gui de/ channel 44D, although
typically therg neUbiitperAdsdBpihcWafiRhbarkOhdrzofRACa®ls 38had auicdesitemannel s
44, Each gui de 44, which 1s formed primaril fron1graph[te, produces a
very | i ghsenaasembly 36 emspriatly citapeltipiprdrewingohoeh veders 8. dmelugirgiviong sheet

waf er. 10 t lide gently alqng.the face t uide tQ prevent the
eheet® ver gt RS AF G War 0l 05 3 a8 O (Pt R pod ment s
provi de @up@iim gienibos thacee Bblagdcorg tcdglicdhh, Hvbifch2en Beasksiveng a Bernoul | i
vacuun1havig%:a pressure on the order of about 1 inch of water. Each
gui de 44Spacifrainsexposipg Eic strece st anbh By siherouldjatnaitang gesienthele gr owi ng
sheet waf @l rea . enit ai.n: hei I SGUSH . the

det ect seﬁétécglglhﬁ?g %%?Edlgglg’dl&%gﬂmgwgi%gg)gpfnltlﬁgb?st eg%ar{ftﬁfpg]gggﬁrgr ocggtsai1 g%g y, and
posi t i onamigd(oto,isdlite thnamv &bhnethasidieo ingth3i2 enSpeeicint.cal | y, after detecting that

a given sheet_wafer 1Q has reached a
g 20 The rnace%O a?so has guide assembly 44 with four separate guides 44A-44D

(i.e., one for each growth channel) for simultaneously growing four separate sheet wafers

10. When referenced individually or collectively without regard to a specific channel, a

guide will be generally identified by reference number 44. For illustrative purposes, a

single sheet wafer 10 is shown in guide/channel 44D, although typically there would be
25  sheet wafers 10 in each of the guides/channels 44.

Each guide 44, which is formed primarily from graphite, produces a very light
vacuum along its face. This vacuum causes the growing sheet wafer 10 to slide gently
along the face of the guide 44 to prevent the sheet wafer 10 from drooping forward. To
that end, illustrative embodiments provide a port on the face of each guide 44 for

30  generating a Bernoulli vacuum having a pressure on the order of about 1 inch of water.



5certain height/length, the detect sensor 46 on a given guide 44 nonitoring
the given sheet wafer 10 forwards a prescribed signal to |ogic that

cont rol s wheormoadbe assenbly 32. After receipt, the novablts2assenisy 32
shoul d nove horizontally to the given guide 44 to produce a smaller wafer
10. O course, the novable assenbly 32 may be delayed if requests from
sensors 46 at other guides 44/ channel s have not been sufficiently serviced.

10Many different type f device be us to, i npl enent .t he

Funct} onal | ¢ yEoh B Beten bR GuREs ke ST 56 ruyel-Ehad HFE: ghfoype. For
exanmpl e, sief QAP0 RELRG I ARaDaRTM lenpth. CAs 8EARSH BetovRNhOBétb&aknsdk Ol and
measures resultant optical reflections, should provide satisfactory

resul t s. cash pagrbich e sigaglthptl eontrals popackuag by aénd ppsiening gl degpapwabde t ransnit and

[ I W il he ..d f [ ify.
1 Sanot nero e ahpre SRy RE B G bRt en SR iR DA BRI g Soan

canera. el h@FosigheIhe déredt stikpl 86BNk gheA-paRfel LlahoSfmgrtBe given shethe
novabl e assenbly 32 therefore noves to the approgriate gui de 44 in response
to det ectpish 1B jormisedsaetrescribedpignil tadgiq that ¢ansropghp gioyvaklpassemblibte assenbl y

wafers o0 1egp TR RLARAS S o Ak b DR PS LGSR RMRAaTICE
ot her coprodgey atrmaies walg,10aORuggeshe ehoabloy assetndlyddX fray datclaveddr s of

gui des 44/ chanpel s. Di scussion of, f si de- by-si de guides 44 thus is for
i |1 ust r afSayest 9%%@%‘?&' %ﬁ.oﬂmrgugéaa.g%l/éwlwvw cei Sufglﬂea % S@Msedi ment s

of the furnacgg0qirfeént Wi 8¢ diedsGRaybtblded A8t lah ERitnORRLLGR P the-
US- 2008- 0102605-Al correspondi ng to co-pendi ng US Patent Application No.

11/ 925, 169¢edt atttsor Ay VoookesteRB nuntar tyB2 SBirie30nplenhirgto-redlectmeoeporat ed
herein, in.its entirety, . reference. The variqus.operations of the
fur nace, “Biskiaghei @i byt el Fasis rsioniorkel MRS HButing oper at i ng
t he assepiah e 3atidtRtEidtre kE €A s RRSBHES TP Bh bPEcal 8EdsOr Bavi\RParady € general Iy
managed by a controll'er 47 that includes appropriate hardware and/ or

sof t war etrimsgiicand3ogsvapartsdlssboseimplemartdbe deipgtscmor functipnpdity. af b yet

enbogi mefl Sy L0G  HRGK 0T DR My ARPRARE Yy EQ% 1L &L, RG - 2NGpEt X1 NY

gr owi ng Sheet “harers wi th defects ®o; peci |c§19y, Uhé" Uk nace’ 30 has

i nt er nal crabstfigentexiagrinplentiat ach-opa@il cerd8rs( shown here as part of the
controller 47) that detects a defect in a growing sheet wafer 10, and takes
appropri ate aths Bavabihascmplr Bothpigfae Maveste thagpnrapliaie guids A Ay response

thi ngs, %Lﬁe’iéhcﬂgn Bg‘ﬁleqcf‘efteec%erfs&o tRShG Lo %?%%@B@Jabﬂeoasgﬁgblgga% &ipahg some

war ni ng, such as a visual signal or an a
of serially processing and cutting the four growing sheet wafers 10. It should be noted

20  that illustrative embodiments apply to other configurations and, as suggested above, to
different numbers of guides 44/channels. Discussion of four side-by-side guides 44 thus
is for illustrative purposes only. For additional details of various embodiments of the
furnace 30, see United States Published Patent Application No. US-2008-0102605-A1
corresponding to co-pending US Patent Application No. 11/925,169 (attorney docket

25  number 3253/130), which is incorporated herein, in its entirety, by reference.

The various operations of the furnace, such as monitoring wafer position via the
sensors 46 and operating the assembly 32 to cut wafer products from the various lanes,
are generally managed by a controller 47 that includes appropriate hardware and/or
software logic.

30 As noted above, in accordance with illustrative embodiments, the furnace 30 has

an apparatus for detecting and fixing growing sheet wafers with defects 10. Specifically,



5alerting the operator to the defects. To those ends, the furnace 30
has a defect nodule 48 that detects, through one or nore electronic vision
systens (WO@012/4@9det ect sensors 46, or other sensors) PCoOMS2@n/0s0re
defects, and renoves the portion(s) of the growing wafer 10 with the
defect. For exanple, the system may include one or nore caneras to nonitor
the sheet wafers in the 10various |l anes, with appropriate digital

pr ocessi t o detect .various,t s af, defects .,.as discussed with

e or enclr it B ta ctaTardochal o s Gudi PR RSHETos 1 ons.
Typi cal | Yontd11624BtBat Woktkd SRR P EHS S WAL shebt Wier $0,d@d ke apfiSpliatval er to
moni tor for defects. In some enbodi nents, backlighting or direct Iighting
of the s#atien. Whtleapprayiatseactigre thayonglng, emeng oricr tengsofuttingthicdgtpst Homt he
sheet wafer mhicg(ng%zghd in %?detectipn of(%ﬁj%p%s. q@gitionafh¥, anot her
canera ndy BEPBAHE A GHIEBARIETORE BH e SRS URELYEHH OB &R TD det ect
def ecs s ilbadingahe€opt@itonfdpngs estectfr om the front side. A separate canmera or

ot her sensor (e. a photoel ectric eye type device, |aser scanner, etc.)

g.,
may ronitor thethoseepdspiredprnage 30 hasta ¢afeat rody et that deggsts, thioeghaue aro det ect
"bow ng" I j i ef ect
og ¢ 4aman RS A ARt e ! E LS ENEROEOAC BT, Seiort e of BBrE™ 22
f r om oneddfectsiane raaces alse poticEspetthapyowahg avafean 0 etish thé deeétedtos. Ceneral |y
speaki ng, the image processing | ogic would be configured to detect
anomal | e8I A3 BEteat may MCAIGRe Op et W%%amdp‘_&“‘i%tth%%e?}r"é%f%rﬁtm M5 i mages
of a1d“0nv;ﬁlﬁ)fug%ﬂeé’,Qyiﬁhﬁ%}rogﬁé’ﬁie%i&tél‘iﬁ&%néeﬂﬁd&é& :v?ﬁ'c%sﬁ & PAWkecR CRI P, a

crack, a break, or a G 5 schematically sho an exenprary

syst em hawvdisqyssedoaittercéerd®cfto timied 1 Arabavd. rGarhersumbpbe pbiced mevasieet waf er 10
as well as.a cagera 53 that nnth&rZ t he sheﬁp waf er fron1a%§ve. The
caneras BPUGS 53PERINYG afeficray oplibg doquiebrhi Moghs oot hilicaieValet 1 ogi ¢ 48,

whi ch defgaksr HEHEBEHS. idkohtershReheMelREkiBhtidh SEUB&R U@L Mhe sheet  FIG
6 schematically shows a progression of cuts by which éefectlve portions are

30 r enpovedict masbe ecktiodarpravgfeontrast of theiimagx ek eheet Blafaswivhigh twy ast wept abl e
waf er. product s nd 62 re,cut fromthe sheet. vafer 1 not i ng..t hat an
ol afitediof of b AON AR a0 DS pRO SE rodBefn 4RI B o7 Lo

portion dRecohafchi shaab dertedefdds thasark @ reht fomtthe fishegde. Wakeiardto.
Simlarly, follow ng anot her acceptabl e wafer product 64, another snal

def ect | VRS OT QHHCEENHR ¢ Be ApREW I in AR &VPSHiSEICC\aseE scappCr, Tiee B8f ect | ogi C
48 may d e, exi : ‘ Scharacteri ze
stch ¢ ni g Pk 16 SHOR DGR B o Shelirdd aBidh BbRmhe a R 2 et et (5)
and det edistusscd dbereivithnefcfenanth Figere 1B Tlampthe dafedelogt4Svmapoictudon of sheet

waf er. For exanpl e, fhe defect | ogic 48 y selectively renove a defective

por t Pon IMABSAECSHTRE 101G IRENHNFS figHAlTEEESS EOBONE AT Ao etANCrY Odisiost W eness,
e 0 . DaSOARISHCR AN NGncAly BEINIRRL imdbtRocelMPloaRAVGIIL by, and/ or

| ocation of the defect(s). Thus, for exanple, the ct logic
configured to detect anomalies or characteristics that otherwise would not be present in

images of a non-defective sheet wafer, such as the outline of a bow, a chip, a crack, a
break, or a bulge.

25 FIG. 5 schematically shows an exemplary system having a camera 52 focused on
a front surface of the sheet wafer 10 as well as a camera 53 that monitors the sheet wafer
from above. The cameras 52 and 53 send digital image information to the defect logic
48, which detects defects in the sheet wafer as discussed herein.

FIG. 6 schematically shows a progression of cuts by which defective portions are

30 removed from the sheet wafer. In this example, following two acceptable wafer products

61 and 62 were cut from the sheet wafer 10 (noting that an “acceptable” wafer product

- 10 -



10 48 may cause renoval of a portion having one severe defect or a |large
nunmber of m nor defects but spare a portion that has a few m nor defects or
a defect woar/aewept abl e area of the sheet wafer (e.g. pCa/usedians41cs ose to
an edge m ght be acceptable while a defect in the mddle m ght be
unacceptable). In assessing the distance of a defect fromthe edges of the
wafer, the defect |ogic 48 nay consider not only the distance fromthe

sides of the l5wafer (i..e., near,the filanents ut al so.t di stance from
The. o BREASTapE AR bR b 4ot praita mert et IEwgh Lo G g
whet her / Wheyv84 WoaNtht QhddR kA fcd 10UKirhQarlye fOURyifg Qﬁétﬁ&téc&!&)tﬂ% v p‘f'Hdu%‘h eet

wafer, the |ogic nmay assess not only the t&/ges of defect characteristics
ment i oneet,abother gl ddfewsive mertivmiduirs remop¢d frpe theshest walssp@ci al |y for

| arger defects, s s .bybbl es, 200r cracks. For ex I on detecting the
topgof a cr acil,le ?%gdﬁ%%lf (E:fgr%@’ %ﬁelc n?}rﬂn?}it Ftexﬁ%f“éec?@d%}%cgcs)aﬁ% P the cr agk
bef ore netekdigerizd SudithingRat fiRrloédiian, Aensy] digk, andoticseaty i dfRefs) aah of
sheet wafer containing one or nore defect(s), the laogic could make an
assessmedttcatineerefinat dangd wdgnéq removg a defagtive pertign of g*pee} waferaFeler cutting
the wafe . [ r LS: t 251 0gi ¢
could " g%xzf éﬂéj;ﬂ %edé\c/fxg/a garél %?E%h‘ﬁé’t% gle?itﬁ]\%%g{)e%e%ed%félcﬁ%%pgﬁ?@%lgt% 1ﬁpgl]lebgsed on
grade, ep@tipn aedisaic@ridindeve] oAdgfe@dendsd' e.pi, hascad ogradething$ abihe, nueiter,

Different, grades of. wafer products may be usable for djfferent ,

appl | cat HER&PoR PECH Rl o BGat9R arjhs ety nd uSa?OaieﬁalaE_ ot 4eEEt Rt each

| ane;@ndyg Hﬁy%s@&erﬁﬁ@ﬂ%@ﬁ?oﬁﬂh Haeﬂg‘o%%%k@@&e&ro? atle}fgé ﬁ@lnbé% Jndfgd 1n the
the | og bins for

correspondi ng bi n, Cc Instead cou use the sorting
pur posesdefads bltespa@ a mwivoen thathanaIzwoamobdefpay eda flefochih ameedeptablrrecand

therefore.coul d be.configured/ controlled to | ow fo Vi ng fer products
£ om anySTEREE VAR (Dpnd SRE GSEen Shafes Hibf he Seterabie TRl 4t Tan ot t end
to defecins middiR niighese ddcddptdNg, IRA8eRingadh&lstantd 6f 4 ddtectiftmnarcedes 9.
detect defects, renove a defective portion, etc.) while wafer growth

cont i nuesf thp wafes, the defect lapiest8 may enadider ot onbhibe distange &o80thalsksles aiici ncl ude

an aﬁ I’mwa eggﬁ!ee.n%(gr ??ﬁél\nqentg%%rb%% ﬁgo eaJistta che éo%atlfegg ! rar?cl/'o%ott%@o vt}ﬁa'ft
generates indi¢ia refating to the wafer tabricati Pr OCEess

will be the final wafer.

In deciding whether/where/when to make a cut to remove a defective portion of
sheet wafer, the logic may assess not only the types of defect characteristics mentioned
above but also the boundaries of the defect, especially for larger defects such as bubbles

20  or cracks. For example, upon detecting the top of a crack, the logic may wait until it
detects the end of the crack before making the cut.

Rather than removing and discarding a portion of sheet wafer containing one or
more defect(s), the logic could make an assessment of each wafer product, e.g., just
before or just after cutting the wafer product from the larger sheet wafer. In this way, the

25  logic could “grade” the wafer products and sort them into different bins based on grade,
¢.g., a discard bin, a grade “A” bin, a grade “B” bin, etc. Different grades of wafer
products may be usable for different applications. While the tray 34 typically has a bin
associated with each lane and the wafer products cut from each lane are typically placed
in the corresponding bin, the logic instead could use the bins for sorting purposes, as the

30 robotic arm 37 can be moved from lane-to-lane and therefore could be

configured/controlled to allow for moving wafer products from any lane to any bin.

- 11 -



generally and to the defect detection/renoval aspects in particular. For
exanpl e, the indicia may include such things as an audio signal (e.g., an
alarm, awoisneal44®pbgnal (e.g., a flashing light or red PPCghiSpo118M4175

el ectronic nmessage to a control console or hand-held device controlled by
the operator, and/or a log file. The indicia may include any of a variety
of 10process information, such as, for exanple, the lane in which a defect

was detected, ,the anount of  sheet fer discarded,. the t . of defects
ot ected. ¢ heAsanrTEF bty deeggrodt R B ciafiEnd Selifvebninor Vet Bhirdnel he
nunber  ofandef £&dultfe-Nak FirRaftOle. o LIPRE MBS GBMERTa dEfktiveodtidiE efb.)shows a
process of formng a plurality of wafers 10 in the multi-Ilane 15furnace 30

i n accordhhewalgr grovwth|costimugs invdic ofitsodingent s of the invention. It should be
noted that foy sinpligit this descri.bed progess is acsignificantly
Simplified vepsidgiogy s fimap o y Bk TRl 18T wply S SBIEPA 558 gr owi ng
sheets wapgt 6f the comrallefU ) that @Rerafed iMAEie radingAeanE Hafkg Eabricamﬁllﬂosé@kl led in
the art would understand that the process will have additional steps not

expl i ci t g§pcetilyvnd ito the dgipck defectionrem sl aspesten pprticH lar.s Feipamme, phe
20per f in a:difif : ; : ially th
cane 11 el Bafulthds Ll ity ARG IAB A0 WhIl), Al SRS Y IR

art shouflsshbgy lghpabled Iipht)padéltytionde besape eceamtiobcaole dr hend-hgdrdevicel ar

requi renents hout undue %ﬁper'n%ntatﬁon..The proggés begi ns .at step 400,

W
whi ch adﬁ)gltmél%éw@kone@t%@} PrciogIfite 180¢ disigMoB BCHIE SR OER VALY Of he
f eeds 0k oMBY idBihilh, ARNYS! bt ERMnRE!hele 5OAhRH ekl faPalikiidppant , such

as boron. Next, step 402 passes anents 28 through t anent openi ngs
26 i n t hencunioi bicet W8fcaddcarded, plod type(s) aiodefentd det¢aved, trememerplyof dici ty of

ot her ot St BE R fekishn Cegn el ST e A PRERRL SOPS A
performegc Both steps 400 and 402 are 30conventi onal . Illustrative

enbodi nents, however, nonitor the growi ng sheet wafers 10 to produce higher
qual i ty out puFiguesteshowse pragess ptifonging a pliebityoweferseOnn tesmikti-lahere is a

def e(fst i rt?‘a%g SBfinElhc%r IhgéM Wr&gl hs?r%%ivél\e/ar];lﬁ%(ﬁm%gts %fftl{ehl%\aefnt i%{l. &tas el?l'd b@s not ed
above, conventirona VISl on systens cahn e progranme 0 nonitor and detect

such def gatsthaFr sheXRIP] Bis R8&Tbed paccekNis tahigyrfi fidana g 8indfli flod Veh@dteo fan
dedi cat egctl\llail %iroocre]sssglszcti ?on}o?‘r?lvai Ig:lﬁragi‘g; 0g f groveglg sheet wafers 10 in a multi-lane furnace
30. Accordingly, those skilled in the art would understand that the process will have
additional steps not explicitly shown in Figure 4. Moreover, some of the steps may be
20  performed in a different order than that shown, or at substantially the same time (e.g.,
steps 406 and 408, discussed below). Those skilled in the art should be capable of
modifying the process to suit their particular requirements without undue
experimentation.
The process begins at step 400, which adds feedstock to the crucible 18. Among
25  other materials, the feedstock may include polysilicon pellets coated with a p-type
dopant, such as boron. Next, step 402 passes filaments 28 through the filament openings
26 in the crucible 18 and the polysilicon melt to form a plurality of simultancously
growing sheet wafers 10 across the four lanes. Seeding and other startup techniques

known to those skilled in the art also are performed. Both steps 400 and 402 are

30  conventional.
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of the detect sensors 46) that continually nonitors its correspondi ng sheet
wafer 10. Alternatively, a single vision system device can nove froml ane
to | ane twodetxaysodef ects. If step 404 detects a def ect PCH/S2@¢i1weN7$ ane
(Yes in step 404), the other |anes continue nornmal operation. The wafer 10
in the given | ane, however, is processed to 10renove the defect (step 406)
and/or to produce indicia (step 408) such as a notification to an operator

di d th fect .modul e 4
ot omart cat |yl RO BTG LAY CYerBP BT 06 0NEE SHF-or BRetGiPowi ng. waf er
10 havi ngrolifie lﬁgﬁ&ﬁhﬁ%,ouﬁnﬁwafe@yl@0)%6&111'11?@95&15"ﬁOMM@i@ﬁlﬁeﬁﬁ%@k)ﬁ 32 and

activating the Taser aSsenbly 36 to cut off "'the undesired portion of the
growi ng 9giearn aqy of the gr@ﬂ@g pleagt wafrod] hrefthe fourdanchi éspjlo‘feﬂlabﬂwext ends
downwar d| he tQ 10 rStop
vater or STErRak FEib o R8s larhais art e § P ERATEN b

def ecd i vexap@ld,icadh 1hé iretht igniaf 38 cah haconteditRsd ViQiodsQWeme&ledice (£.8MPat Ng t he
defective t%ortl on as it would rempve a nornal wafer 10. Step 406 may renove

t he def e@fth fletegt seasorsdh)dhatgoptnually seoguitopots Gosiesrimndingeshgetovifeigl Cowaf er 10.

After t hgltgr%faﬁxgetl{é, absupéé (Ifs%rﬁ] s§§‘c]%mpc?e% F%g *—nto)ve pis o] fl?iﬂ? Yoeﬂn? & L8 g?fjg 'ts ging sheet

waf er nt i al ree o ects, o ave Tewer For
exanpl e, anonﬁstﬁpme)m defuctsgasdefa:t ?&pa g&enmewds mrsmjxmﬂ)staé ovsitakhey y resul ts
when used to rermv? a cr.ack 12 ?Qa chip 14, ge 16, seed *unctl on, or
ot her si fANtgHC Y gperglignecThe h H’ethalgt}ﬁl ‘?é?Ve&GS progessed; Qni fi cant

b t
Wg}"’erd“i‘gf‘ena ive tt)lgéc}ez%yl 015 ﬁ‘odé aBWof tolFodbi&RdiRla (st@é\ﬂ?@ss‘d?ﬁ Eéé‘h%t?ﬂiéa)’loﬁ he entire

at case, the new e grown nay
require aresgedbng ctlmswdlabnm Among btheav/dyst, tlerdefert nodulert8 daeu of , renovi ng

the defect in. s e ala dul e .50 roduce | |C|a

di scussethaBEvl §%%?26%5150 4§ e epdiing oL By B S tir Wivdeihner of

rel evant 4@eQGeSSe.| BY ni@llingthe Molv&ble h@CRIbW IWartdUcsivaraid the ¢Ak1 ABemblye

operat or 30can take a llﬁ(‘derlate action, e.g., to locate and fix the source
)

of the d&f tectus offfthe u rtiomef hperawiog weder 0ake peafsrrast crabpsliments.oni ng

r emagg al thziascﬁorgon ¢xtends downwardly from the top of the growing wafer 10. Some

embodiments stop wafer growth for removing the defect. Other embodiments remove the
defective portion while the wafer 10 continues to grow, e.g., removing the defective
portion as it would remove a normal wafer 10.
Step 406 may remove the defect if it is isolated to a local portion of the growing
20  wafer 10. After the defective portion (or part of it) is removed, the remaining sheet wafer
10 may be substantially free of defects, or have fewer defects. For example, among other
things, step 406 should produce satisfactory results when used to remove a crack 12,
break, chip 14, bulge 16, seed junction, or other similar type of defect. When the
growing wafer 10 has a significant bow, however, as shown in Figure 1B, then all or
25  substantially the entire wafer 10 may be removed. In that case, the new wafer 10 to be
grown may require reseeding operations.

In addition to, or in licu of, removing the defect in step 406, the alarm module 50
may produce indicia as discussed above (step 408), ¢.g., to notify an operator in some
manner of relevant process information. After receiving this notification, the operator

30  can take appropriate action, e.g., to locate and fix the source of the defects. For example,

the operator can take any of the following remedial actions:
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verify alignment of the conponents, check vacuum pressures, verify that

the suction cups or other grappling conponents are not conprom sed, 5 run

i nternal we=p12f490be system confirmthat the | aser sysCemsee1abiighed and
in focus, ensure that the heat profile of the furnace 30 nmatches the

i nt ended specification, nmonitor tension of the filanments 28
passi ng through the filanment openings 1026, determne if the
furnace 30 is due for._.a. cleanin | ook for | oose or broken
debris. such as br SREH Hienasareidho gompencpite el ¢ anal yze

t hi ckness profil confirmthat the nelt

hei ght is neithef ?g%%ﬁﬁawﬁ%§%$%%8&|0m4 and/ or 15 check/adjust the nelt

t enper at ur e. o vktifysthetthe sixgiotivdgy @t dripgling bospdnaits €€ noemedi al

options is not conplete and, thus, the operator may take other renedial
steps in response CBMAFPTF%h m condi t i on. Additionally or alternatively,

sonme of these reped; i Y. initiated/ perfornmed automatically by
t he §§sten1 e.g., ?%?#ggg%ﬁgggfgﬁfﬁggﬁéfect | ogic 48 or al arm nodul e 50.

20Sone enbodi nené s cdafirmothapeikllaenBainhissilignsd 4I6ndochs408. | nst ead, sone
enbodi ments only renove the defect, while other enbodi nents only produce
the indicia Sont enrpwaiheicdcalnrolilcs diasfunpee AR matdss ths ipendad ect i vel y

performed, e.g., agé&%ﬁ bhhe operator to configure whether one, the other,
neither, or both are performed. Thus, at least internally, the system

produces an out pat nsin@datentibabf GRITiIDAcS 8 phRindrthioRigh e fAhaent ofenimpsul e 50
and/ or the decision of whether/when/where to renove the defect. In any

casel0 after conpl et2Png steps 406 and/or 408, normal wafer growth continues
'n that lane (stgp dg' e?r}ﬁne if the furnace 30 is due for a cleaning,
¢ look for loose or broken debris, such as broken filaments 28, in the melt,
e analyze thickness profile of the wafer 10,
e confirm that the melt height is neither too high nor too low, and/or
15 e check/adjust the melt temperature.

It should be understood that this list of remedial options is not complete and, thus,
the operator may take other remedial steps in response to an alarm condition.
Additionally or alternatively, some of these remedial actions may be initiated/performed
automatically by the system, e.g., in response to the defect logic 48 or alarm module 50.

20 Some embodiments do not perform both steps 406 and 408. Instead, some
embodiments only remove the defect, while other embodiments only produce the indicia.
Some embodiments allow steps 406 and 408 to be selectively performed, e.g., allowing
the operator to configure whether one, the other, neither, or both are performed. Thus, at
least internally, the system produces an output signal that can be used to drive the alarm

25 module 50 and/or the decision of whether/when/where to remove the defect. In any case,
after completing steps 406 and/or 408, normal wafer growth continues in that lane (step
410).

It should be noted that this process may be performed in multiple lanes at the
same time. Accordingly, discussion of this process executing in only one lane is not

30  intended to limit all embodiments.
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It should be noted that this process nmay be perforned in nultiple | anes at

t he sane tinme. Accordingly, discussion of this process executing in
only one weaneizma4mot 30i ntended to limt all enbodi ment #CTiUSbagvsars ve
enbodi nents therefore can automatically renmove many defects from grow ng
wafers 10 before they are integrated into downstream conponents, such as
photovoltaic cells. This process therefore inproves yield of the downstream

conmponents, thus reducing.overall fabricatio sts. 5Variqus enbodi nents
of the i nvent | BRCHES SRPoiptinirescsen Faguptealbasmovs many dRvSerbnal
conput er %&W ROV bANGURGLare FREGEATRD Jowh AFRNESRAHNERRL SichBY be

i npl emented in a procedural "progranm ng | anguage (e.g., "C'), or in an

obj ect ophaseadi@icpredyr Amsiprarchsthgighye iferoges yield-of the dawisercara wbogpremit. s  of

the invention may be |.mpl enented, as preprogramed hardware el enents (e.g.,
app! i cat?18?1re@ﬁgggfoivgralhE&ébﬂgﬁ‘e%ﬂosﬁ)ci rcuits, FPGAs, and digital signal

processors), Vari@ish@ibddah@itedf teMRRAESHH fay be implehRn@d adllchQrif dhrt Vita
enbodi ment, at |east part of the disclosed apparatus and nmet hods may be

i mpl enent®yeRongl eABIieEIoFRBGHARIaIEBGe tFof eranple spmerpmEpod BAgItt BaY $9st em

Such i ' j.ngl ' f terinstpuct i i xed
ol ther onapancd Bt Rk Rl R fndl LEG.RS (FTPL £l G bAlRed e,
di sket t eprogianiain [RAVhecl&ar, fGx€y Ottek pmbddiencasrdfels il crtionmntyelc
instructjons can, enbody all %)C{}tlpart of tt}g\h{unctiﬁnality pr.evi ousl

descri betMMePertRd & RIAPiogERuRed hasd g clagninge.g.» applicapipgshed ¢ IMGEER the art
shoul g acimeal ha 4G hsi b risd: i 0 ‘itten in a
nunber o Blr g’grgmé’ngald%ugglgdg@%’%r%gsgsg%vath ﬁ%ﬁ%dggngﬁfeé{r{'g{ architectures or
oper ati ng syshemslteFatitve embodieient at least psttrofi chel dsdosea ppeates andoicihodany
menory 20 device, sucagas sem conduct or lr’{%[gfneti c,..optical or other nmenory

dovi ces. MARES FIDCBENER 408 SPTPRGT HOBHE BiUadRtL it § SHEPHELNAB bay,  such

as opti cgdoh itipldrdr@Mionhsy) RYRYE a s&icsUfRBMphicRRSFL&RNS fixtE6imebagl es.
Among ot her ways, such a conputer program product may be distributed as a

r enovabl @ngibli mediving siches orvpanmyicn ragrblnmediion (ceg- et iskaiice CHoBOMBAR@M on
(e 913 SO B0 VTRRRS S SRL MR &) ine PG RP LG LMD A G HRLrGHe SyStem (e 0.

on system fixe S Fdistri ronra server oOr electronic

bul I et i nfuneaslioygeviolisly AedcnBEK hér@indwith tipedt IS BkRdtedr World Wde Web). O
course, sone enbodi nents of the invention may be I nplenented as a

conbi nati on of hasewkillsin tharee shauld appigciatsibel @ieh poBpaNFerdi0Rs yanditd
har dwalr Swri§5ﬁ i a Q&IH@& O?Métﬁﬁﬂ{gslagéuaggkefok QYERkh %n9 rcgmbﬁ%lr %ﬁ@éc@&e@s

entire
or operating systems. Furthermore, such instructions may be stored in any memory

20  device, such as semiconductor, magnetic, optical or other memory devices, and may be
transmitted using any communications technology, such as optical, infrared, microwave,
or other transmission technologies.

Among other ways, such a computer program product may be distributed as a
removable medium with accompanying printed or electronic documentation (e.g., shrink

25  wrapped software), preloaded with a computer system (e.g., on system ROM or fixed
disk), or distributed from a server or electronic bulletin board over the network (e.g., the
Internet or World Wide Web). Of course, some embodiments of the invention may be
implemented as a combination of both software (e.g., a computer program product) and
hardware. Still other embodiments of the invention are implemented as entirely

30 hardware, or entirely software.
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30hardware, or entirely software. Al t hough the above di scussion

di scl oses various exenpl ary enbodi nents of the invention, it should be
appar ent wbhavizieme skilled in the art can nake vari ousPowodiStéicasiiohs t hat
wi || achieve sone of the advantages of the invention w thout departing from
the true scope of the invention. Wat is clainmed is: 1A nethod of formng
waf er products from a sheet mafer the nmethod conprising: nelting feedstock
material in a uci bl e t hat . of a cry st al owt h. f ur nace;. 5passing a
rural cty of - ARPSRME bR ST s BRE R e SR
deternlnmﬂ&uWﬁehQ&&ﬂ@bgﬁﬁﬁk&ﬂt&ﬁt&ﬁ@s§ﬂ@&h1m@%&%ah%mﬁ@Eﬁﬁhmve using an

el ectronic vision systen] and if the portion is deenmed to be

def ect i v@odr@c@mnh@ velH aghicpusoned ¢frthe advadiagas ¢ife itvantiemeitpeuttdeparting
defectiv %B g ﬁglq aslreflned by claim 1l wherein determning

whet her O%b ?IB%&%?GP “INE %ater is defective conprises at |east one
of: determning a defect type for at | east one defect in the portion;
determ ning a defect size for at |east one defect in the portion; 15
determining a defect |ocation for at |east one defect in the portion;
determ ning a defect severity for at |east one defect in the portion;
determ ning a boundary for at |east one defect in the portion; and

determ ning the nunber of defects within the portion. 20 3. The nethod as
defined by claim2 wherein determining a defect type conprises
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determ ni ng whether a defect is one of a bow, a chip, a crack, a break, and
a bulge. 4. The nethod as defined by claim2 wherein determ ning a defect

| ocat i on wonpriEemdassessi ng the di stance of the defect pCramseaEt/obgast one
edge of the portion. 25 5. The nethod as defined by claim1 wherein the

vi sion systemincludes a canera for capturing an inage of at |east the
portion of the sheet wafer. 6. The nethod as defined by claim1l wherein

t he visigﬁmg%sﬁen1ingludes a sensor for 30detecting a bowin the portion of
t he shee &AMeYS 5012/ 044909PCT/ US2011/ 054175 7. The nethod as defi ned
by claim 1l further conprising, in response to the output signal, activating
a cutting device to cause renoval of the portion fromthe sheet wafer. 8.
The net hbd asAdedthekdf foymuigaiaferprefedteframiadeeuvafen thedesthed cooppyinges a

|l aser. 5 9. The. s defined by.claim?7 erein,the rnace is a
i t1 pi o- 1 anemf GpRdeateh el #fainfs Ahh b HRECEHY SONHERES ana
wher e§ n sheet pagihgh fpgir@myibfmmmyﬂﬁodgh tBé chuedsd todBem atshet wadsre while the
portion is renoved fromthe sheet wafer. 1010. The nethod as defined by
claim1 furthé&tcregnpeivdicHyr apartioagd sseeetovaipeis slgfostive wilgmhan clegidissi ng a

| evel of . Lye s of the portion and grading the portion based on the
| evel ofvggkgg%?ééﬂggs. 11. The nmethod as defined by claim10 further
conpri si ng: 1&sler partign fshieepod td bnddfasied, @odiidiey g aoteut signal indicating that

the portion is defective.

10
2. The method as defined by claim 1 wherein determining whether a portion of the
sheet wafer is defective comprises at least one of:
determining a defect type for at least one defect in the portion;
determining a defect size for at least one defect in the portion;
15 determining a defect location for at least one defect in the portion;
determining a defect severity for at least one defect in the portion;
determining a boundary for at least one defect in the portion; and
determining the number of defects within the portion.
20 3. The method as defined by claim 2 wherein determining a defect type comprises
determining whether a defect is one of a bow, a chip, a crack, a break, and a bulge.
4. The method as defined by claim 2 wherein determining a defect location
comprises assessing the distance of the defect from at least one edge of the portion.
25

5. The method as defined by claim 1 wherein the vision system includes a camera

for capturing an image of at least the portion of the sheet wafer.

6. The method as defined by claim 1 wherein the vision system includes a sensor for

30 detecting a bow in the portion of the sheet wafer.
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12. The method as defined by claim 1l further conprising, in response to the
out put signal, producing an indicia. 2013. The nethod as defined by claim 12
wher ei n two 20rdi4e¢d0a | ncl udes at | east one of a visual i mrdiraisagiiamiasdi o

indicia, and an el ectronic nessage. 14. A sheet wafer growth furnace system
conpri si ng: a crucible configured to contain nelted feedstock, the
cruci ble having a plurality 250of holes for passing a plurality of filanents

t hr ough | ted feedstoc o form.a sheet wafer; . an el ectronic vision
System for pr SREEIGAd B b BrrdtiasT BF T BOPRTURE: f roRESFREE s and a
contr ol | gpndl NacEiQMMpY GatinOTe Wi B chil rBMmBGA P McpoHie] RBMINSEIRAM H@fer.at | east
30det erm ni ng whet her a portion of the sheet wafer is defective based on

the digital imges and produci ng an output signal if the portion is deened
to be defective. 20124 044909PCT/ US2011/ 054175 , 15, The.system as

def i ned By cl b CYAAETRA RS HgnT PBrear g ot TPRHEE BEeY S8 por ¢ on
is defective based on at | east one of: a defect type for at |east one
defect in the portion; 5a defect size for at | east one defect in the

portion;a defeemethogas defnaddy daim baderanehedamsee isiamuliploplsne fisacea def ect
sever | tYufQhodlafe 3t bnfhifie Qgﬁgff{lmh& 5?%3?9%@ et @a@%ﬁd%ﬁ Yortliedh o €St

one defect 1 n the portion, he nu ects thin the portion. 10
least one other lane while the portion is removed from the sheet wafer.

10 10. The method as defined by claim 1 further comprising, in response to the output
signal, assessing a level of defectiveness of the portion and grading the portion based on

the level of defectiveness.

11. The method as defined by claim 10 further comprising:
15 sorting the portion based on the grade.

12. The method as defined by claim 1 further comprising, in response to the output

signal, producing an indicia.

20 13.  The method as defined by claim 12 wherein the indicia includes at least one of a

visual indicia, an audio indicia, and an electronic message.

14. A sheet wafer growth furnace system comprising:
a crucible configured to contain melted feedstock, the crucible having a plurality
25  of holes for passing a plurality of filaments through melted feedstock to form a sheet
walfer;
an electronic vision system for producing digital images of a portion of the sheet
wafer; and
a controller in communication with the electronic vision system for at least
30 determining whether a portion of the sheet wafer is defective based on the digital images

and producing an output signal if the portion is deemed to be defective.
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16. The system as defined by claim15 wherein a defect type includes at

| east one of a bow, a chip, a crack, a break, and a bulge. 17. The system
as def i nesolzg120d4ag0m 15 wherein determ ning a defect | ocaCrars2w30841p5i ses
assessing the distance of the defect fromat |east one edge of the portion.
18. The system as defined by claim 14 wherein the vision systemincludes a
canera for capturing an image of at |east the portion of the sheet wafer.
2019. The system as defined by claim 14 wherein the vision systemincludes a
sensor for detecting a bowin the portion of the sheet wafer. 20. The
system ags def TReg sk £ ®iffiod By Llalich N8 rwIRAIR EleSdoRtro RerCdét drinis dhétiep tHehat is
activated in response to the output signal to cause renoval of the portion
f r om t hepaheris defegaive pased on2y leagtpmcsy'st em as defined by cl ai m 20 wherein
the cutting deyi conprises a | gser... 22.. The system as defined by claim
20, wherein t%édgﬁﬁﬂgﬁgrﬁgﬁgnﬁﬁ???%f%gW%ﬁﬁgqgﬁhfurnace, the sheet wafer in
one lane of thaefbttrsiRABr atdbdbt wheddtd isheelortisf,er growth continues in at

| east one other |ane while the portion is renoved fromthe sheet wafer. WO

2012/ 044909PCTAUs0gatioB £ar7as Ioast omeededses inethe #81TWET i ned by clai m 14 wherein
t he controllegdé dgﬁgghg%%ggk%%xﬁ%zgﬁgtEﬂﬁe M8 ;defectlveness of the
€ the por e

portion and gra i on based on t evel’ of defectiveness in
response to thbsowdhpuor si lgaslbne Befe@4n thih@reyigtaadn as defined by claim 23
wherein the controller i furt@gr configured to sort the portion based on
the grade. 2 ?nvﬁ@egy%%§%¥%§ﬁ #hRYYBY ¢l ai m 14 wherein the controller is

configured to produce

16.  The system as defined by claim 15 wherein a defect type includes at least one of a

bow, a chip, a crack, a break, and a bulge.

17.  The system as defined by claim 15 wherein determining a defect location

15  comprises assessing the distance of the defect from at least one edge of the portion.

18.  The system as defined by claim 14 wherein the vision system includes a camera

for capturing an image of at least the portion of the sheet wafer.

20 19.  The system as defined by claim 14 wherein the vision system includes a sensor

for detecting a bow in the portion of the sheet wafer.

20.  The system as defined by claim 14 further comprising a cutting device that is

activated in response to the output signal to cause removal of the portion from the sheet

25  wafer.
21.  The system as defined by claim 20 wherein the cutting device comprises a laser.
22. The system as defined by claim 20, wherein the furnace is a multiple-lane

30  furnace, the sheet wafer in one lane of the furnace, and wherein sheet wafer growth

continues in at least one other lane while the portion is removed from the sheet wafer.
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10an indicia in response to the output signal. 26. The nethod as defined
by claim25 wherein the indicia includes at |east one of a visual indicia,
an audi o wodnyegoand an el ectroni ¢ nessage. PCT/US2011/054175

23.  The system as defined by claim 14 wherein the controller is configured to assess
the level defectiveness of the portion and grade the portion based on the level of

defectiveness in response to the output signal.

24.  The system as defined by claim 23 wherein the controller is further configured to
sort the portion based on the grade.

25.  The system as defined by claim 14 wherein the controller is configured to produce

10 an indicia in response to the output signal.

26.  The method as defined by claim 25 wherein the indicia includes at least one of a

visual indicia, an audio indicia, and an electronic message.
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